Snow covered area MOD10A1 AE_DySno Composite snow cover map Pastoral area Taking three snow seasons from November 1 to March 31 of year 2002 to 2005 in northern Xinjiang, China as an example, this study develops a new daily snow cover product (500 m) through combining MODIS daily snow cover data and AMSR-E daily snow water equivalent (SWE) data. By taking advantage of both high spatial resolution of optical data and cloud transparency of passive microwave data, the new daily snow cover product greatly complements the deficiency of MODIS product when cloud cover is present especially for snow cover product on a daily basis and effectively improves daily snow detection accuracy. In our example, the daily snow agreement of the new product with the in situ measurements at 20 stations is 75.4%, which is much higher than the 33.7% of the MODIS daily product in all weather conditions, even a little higher than the 71% of the MODIS 8-day product (cloud cover of~5%). Our results also indicate that i) AMSR-E daily SWE imagery generally agrees with MOD10A1 data in detecting snow cover, with overall agreement of 93.4% and snow agreement of 96.6% in the study area; ii) AMSR-E daily SWE imagery underestimates the snow covered area (SCA) due to its coarse spatial resolution; iii) The new snow cover product can better and effectively capture daily SCA dynamics during the snow seasons, which plays a significant role in reduction, mitigation, and prevention of snow-caused disasters in pastoral areas.
Introduction
Seasonal snow cover plays an important role in hydrological processes and climate. Snow covered area (SCA) is one of the essential parameters for studying both hydrology and climatology (Dressler et al., 2006; Pulliainen, 2006) . Variability in terrestrial SCA has a significant influence on water and energy cycles, as well as socioeconomic and environmental repercussions (Wulder et al., 2007) . The northern portion of the Xinjiang Uygur Autonomous Region (or northern Xinjiang thereafter) is one of the most important pastoral areas in China. Massive snow accumulation (generally, the maximum snow depth reaches 59 cm, and over 1-2 m in mountainous areas) frequently causes disasters such as frost-bite and death of a large number of grazing animals due to food shortages and cold temperature in winter and spring seasons. Therefore, accurate monitoring of daily SCA in pastoral areas plays a significant role in reduction, mitigation, and prevention of snow-caused disasters (Liang et al., 2004a,b) .
In addition to in situ network of snow cover measurements, various snow cover products are operationally produced from satellite data by numerous government agencies using both optical and passive microwave imagery . Optical remote sensing (e.g., Landsat, Advanced Very High Resolution Radiometer-AVHRR, Moderate Resolution Imaging Spectroradiometer-MODIS) for SCA mapping has been studied for many years (e.g., Hall et al., 2002; Cao & Liu, 2005; Hall et al., 2002 Rutger et al., 2004; Xiao et al., 2004; Déry et al., 2005; Zhou et al., 2005) . The space-borne passive microwave snow time series of hemispheric or global perspective are provided by the Scanning Multichannel Microwave Radiometer (SMMR, 1978 (SMMR, -1987 , Special Sensor Microwave/Imager (SSM/I, 1987-present) , and the Advanced Microwave Scanning RadiometerEarth Observing System (AMSR-E) on board the Aqua satellite (2002-present) (Pulliainen, 2006; Wulder et al., 2007) . Efforts to map snow cover using passive microwave data have enabled the development of a long time series (since 1978 to present) of spatially continuous data of SCA, snow depth, and snow water equivalent (SWE). However, the accurate monitoring of SCA using optical imagery of high spatial resolution is seriously reduced by cloud cover due to the similar reflective nature of snow and clouds Wang et al., 2008) , while passive microwave remote sensing has advantage in penetration of cloud cover. A combination of the two products could provide a significant improvement of SCA product with high spatial resolution from the optical imagery and cloud transparency from the microwave imagery.
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The importance of snow cover to climate and hydrological modeling has led to considerable efforts to obtain an accurate representation of snow cover over large areas and long time periods. A number of comparisons between different satellite-derived snow maps and meteorological station observations have been conducted (Hall et al., 2001; Klein & Barnett, 2003; Lee et al., 2005; Maurer et al., 2003; Simic et al., 2004) . These studies have examined relative snow mapping accuracy of various snow cover products or the relationship between snow mapping accuracy and spatial resolution, ruggedness, snow depth (SD), or land cover type Lee et al., 2005; Salomonson & Appel, 2004; Simic et al., 2004) . Many studies have illustrated a high degree of intra-and inter-annual variability in spatial extent of terrestrial snow cover and trends through time, using snow charts derived from optical satellite data (Gutzler & Rosen, 1992) , space-borne passive microwave data (Armstrong & Brodzik, 2001; Yan, 2005) , and conventional measurements (Brown, 2000) . For passive microwave data (e.g., Aqua AMSR-E brightness temperature difference index, SWE and SD), the difficulty is that stand-alone algorithms for radiometric data do not provide sufficient accuracies on a pixel scale, especially in concerning the needs of operational hydrological modeling (Derksen et al., 2004 (Derksen et al., , 2005 Kelly et al., 2003) and snow-caused disasters monitoring. Even though accurate estimates can be obtained for some regions and seasons, SCA estimates derived from either optical or microwave sensors, subject to many biases, as compare to the real situation or in situ measurements, due to cloud blockage, resolution limitation, and different snow physical properties (e.g. snow depth, ice lenses, the presence of liquid water, and snow grain size variability), and land surface conditions (e.g. terrain, aspect, land use and land cover). A possibility to overcome these problems appears to be a combined use of optical observations (i.e. MODIS) and passive microwave radiometer data (i.e. AMSR-E).
Thus, the goals of this study are: i) to analyze the sub-pixel SCA characteristics of AMSR-E daily SWE data using high spatial resolution of the MODIS daily snow cover products; ii) to develop a compositing algorithm to produce a new composite product of MODIS daily snow cover and AMSR-E daily SWE data; iii) to examine snow agreements of both the AMSR-E daily SWE products and the new composite product with the in situ observations; and iv) to analyze spatial-temporal variability of SCA based on the new composite product, with a potential to better and effectively monitoring daily SCA dynamics.
Data and methods

Study area
The northern Xinjiang area, one of three snow cover centers in China, extends from 42°N to 50°N and 79°E to 92°E (Fig. 1) . It is adjacent to Inner Mongolia to the east, and former Soviet Union to the northwest. The total land area is 39,845,600 ha, including three major geomorphologic units of mountains, plains and deserts. In summer, the study area is arid and hot with little rainfall; in winter it is cold and receives considerable snowfall. For example, the daily snowfall on November 20, 2002 at Habahe climate station was over 12 cm. Due to the elevation changes and the differences in precipitation and temperature in the Aertai Mountains to the north and Tianshan Mountains to the south, the grassland vegetation has a distinctly vertical distribution from desert in the plains to alpine meadow along the ridges of the mountains Liang et al., 2006 Liang et al., , 2007 . The grassland area is 28,642,700 ha which accounts for 71.88% of the total land area (The Husbandry Bureau of Xinjiang Uygur Autonomous Region, 1993). Because natural grazing is the typical way of animal husbandry, the sustainable development of animal husbandry can be severely influenced by snow-caused disasters, which are major natural hazards in winter and spring seasons in the region (Yang et al., 2005) .
Ground observations of snow cover
Daily in situ measurements of snow depth, minimum, maximum and mean temperature at 20 climate stations, of three snow seasons from November 1 to March 31 of 2002 to 2005, were collected and used for the study. Those stations are located at lower elevations ranging from 285 to 1850 m, and mainly scattered in pastoral areas of the study area. The data were used to validate the SCA accuracies of AMSR-E/Aqua daily SWE data and our new daily composite snow cover maps generated by combining AMSR-E and MODIS data.
Land cover data
Landscape characteristics play an important role in the redistribution and physical properties of snow cover, and influence the microwave properties of the surface. In this study MODIS land cover data (MODIS/Terra Land Cover Type Yearly L3 Global 1KM SIN GRID V004) from 2002 to 2004 (Friedl et al., 2002) were ordered from EOS data gateway website, and the IGBP (International GeosphereBiosphere Program) land cover classification system was used. It is found that the 20 climate stations are mainly located at four land cover types: grassland, cropland, shrubland, and urban and built-up. Of these 20 sites, twelve sites are grassland, including Jimunai, Fuhai, Aletai, Fuyun, Tacheng, Qinghe, Tuoli, Baitashan, Wenquan, Caijiahu, Qitai and Wusu; four are cropland: Habahe, Jinghe, Yining and Zhaosu; one is shrubland: Hebukesaier; and three are urban and built-up: Alashankou, Shihezi and Urumchi in 2004 (Fig. 1) . The land cover type did not change during the study period except at Tacheng, Hebukesaier, Wenquan and Yining .
The available map of grassland types in the study area was made in 1993 (The Husbandry Bureau of Xinjiang Uygur Autonomous Region, 1993) . To study the recent distribution of pastoral areas and tempospatial dynamics of SCA in pastoral areas, we regroup the original MODIS land cover classes into four classes as shown in Fig. 1 : forestland (evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf forest and mixed forests), shrubland (closed shrubland and open shrubland), grassland (woody savannas, savannas, grasslands, permanent wetlands and barren or sparsely vegetated class), and other land type (cropland, water, urban and built-up, cropland and natural vegetation mosaic, permanent snow and ice). Because that the land cover types of the 10 stations (Jimunai, Fuhai, Aletai, Fuyun, Qinghe, Tuoli, Baitashan, Caijiahu, Qitai and Wusu) did not change and that two of them (Baitashan and Wusu) have missing climatic records during the study period, only eight stations with complete climate records were chosen to analyze the relationship between snow coverage rate, snow depth, temperature and cloud cover in the pastoral area.
MOD10A1 snow cover data
The MOD10A1 daily snow cover product is the result of selecting one observation from the multiple observations in a day mapped to each cell of the MOD10_L2G swath products using a scoring algorithm (Hall et al., 2002) . In this study, two tiles (h23v04 & h24v04) of the MOD10A1 daily snow cover products (MODIS/Terra Snow Cover Daily L3 Global 500 m SIN GRID V004) (SDSM & T MODIS Team, 2004) , the two tiles of yearly MODIS/Terra land cover images (2002 to 2004) , and daily snow cover images (MOD10A1) during the three snow seasons were mosaiced respectively, and reprojected into Albers equal-area conic projection with the Krasovsky spheroid. The nearest neighbor resampling approach was employed, and the mosaiced images were saved as a Geotiff file format, and transformed into ESRI grid data .
Passive microwave AMSR-E/Aqua daily SWE data
The intensity of microwave radiation emitted from a snowpack is determined by several factors, including freeze/thaw states of the underlying soil, crystal size, temperature and density profiles, and layering structure (Kelly et al., 2003) . Space-borne passive microwave data are significantly useful in monitoring SCA due to its all-weather imaging and wide swath-width with frequent overpass times. This is an important characteristic, which greatly complement the deficiency of optical space-borne imagery due to the cloud blockage, especially for snow product on a daily basis.
The AMSR-E instrument on NASA's EOS Aqua satellite provides global passive microwave measurements of terrestrial, oceanic, and atmospheric variables for the investigation of water and energy cycles. The daily level-3 AMSR-E snow water equivalent (SWE) data AE_DySno (AMSR-E/Aqua Daily L3 Global Snow Water Equivalent EASE-Grids) in Northern Hemisphere were obtained from the NSIDC website (Kelly et al., 2007) . These data are stored in Hierarchical Data Format-Earth Observing System (HDF-EOS) format, and contain SWE data and quality assurance flags mapped to 25 km Equal-Area Scalable Earth Grids (EASE-Grids). Actual SWE values are from 0 to 480 mm, but are scaled down by a factor of 2 for storing in the HDF-EOS file. Not only snow water equivalent but also surface classes can be studied by using these data. SWE value zero indicates a snow-free surface (or land surface); values 1-240 represent the snow-covered surface; and values 248, 252, 253, 254 and 255 represents off-earth, land or snow impossible, ice sheet, water and data missing, respectively.
Total 442 AMSR-E daily SWE images (Table 1) were transformed into ESRI grid format files with Albers equal-area conical projection. The grid size of 25 km was resampled to 500 m using nearest neighbor approach in order to combine with the MOD10A1 snow cover product.
Sub-pixel analysis of AE_DySno images
Sub-pixel analysis of AE_DySno (AE) images using MOD10A1 (MOD) snow cover data is the basis for generating the composite image of MOD10A1 and AE_DySno (or MOD-AE thereafter) to suppress cloud cover effects on the MODIS snow cover product. One pixel (25 km) of an AE image encompasses 2500 pixels (500 m) of a MOD image. The 2500 pixels of the MOD image could be categorized into any one of the following seven major classes: i) land, cloud and snow (L + C + S); ii) land and cloud (L + C); iii) land and snow (L + S); iv) cloud and snow (C + S); v) land (L); vi) cloud (C); and vii) snow (S).
It is difficult to identify whether the surface under cloud is snowfree or snow-covered when the pixel value in the MOD image is marked as cloud. In this section, the AE image is used as "ground truth" to quantify the so-called snow or land agreement of MOD snow cover product. Therefore, the land agreement or disagreement of MOD product as compared with the AE land class (SWE = 0) is defined as the followings (Table 2) : 1) complete agreement if the MOD class is L (land); 2) complete disagreement if the MOD class is S (snow); 3) part agreement if the MOD class is either C (cloud) or L + C; 4) part agreement if the MOD class is L + S and the S is lower than 50%, or part disagreement if the S is over 50%; 5) part agreement if the MOD class is C + S and the S is lower than 50%, or part disagreement if the S is over 50%; and 6) part agreement if the MOD class is L + C + S and the L + C is over 50%, or part disagreement if the L + C is less than 50%. The threshold 50% is chosen here simply because that if the fraction of a class (or a class combination) is over 50%, this class (or class combination) should be a dominated class in the pixel (pixel block) or area. Similar definitions can be applied to identify the snow agreement or disagreement of MOD product as compared with AE snow class (SWE = 1-240) ( Table 2 ): 1) complete agreement if the MOD class is S; 2) complete disagreement if the MOD class is L; 3) part agreement if the MOD class is either C or S + C; 4) part agreement if the MOD class is L + S and the S is over 50%, or part disagreement if the S is less than 50%; 5) part agreement f the MOD class is L + C and the L is less than 50%, or part disagreement if the L is over 50%; and 6) part agreement if the MOD class is L + C + S and the S + C is over 50%, or part disagreement if the S + C is less than 50%.
Below are the equations to calculate the MOD land agreement (L), snow agreement (S) and overall agreement (O) as compared to AE measurements:
where m 1 is the total AE land pixels; NL ca and NL pa respectively represent the number of AE land pixels with complete agreement and part agreement; m 2 is the total AE snow pixels; NS ca and NS pa respectively represent the number of AE snow pixels with complete agreement and part agreement.
Composite rules for the new MOD_AE snow cover product
The purpose of compositing MOD10A1 snow cover data and AMSR-E daily SWE data to a new MOD_AE snow cover product is to suppress cloud effects on MODIS snow classification accuracy, by taking advantage of both the MOD10A1 high spatial resolution and cloud transparency of the AMSR-E SWE product.
The following rules as shown in Table 3 are applied to produce the new composite MOD_AE snow cover product of daily and 500 m pixel size, while the same integer codes used in the MOD10A1 snow cover product are employed in the new product. i) If there are pixels of no data in the daily AE image, the no-data pixel value will be replaced by the previous 1 or 2 days' AE image. If there is missing image of either MOD or AE, the composite image of this day will not be generated; ii) the pixel value in the MOD_AE composite image is assigned a class code the same as the corresponding pixel in the AE image if the pixel in the MOD image has invalid value (e.g., 0, 1, 4, 11, 254 or 255); iii) if a pixel is identified as land (snow-free) in the MOD image, the composite pixel is assigned as land if it is water, land, snow, or no data in the AE image; iv) if a pixel is identified as cloud in the MOD image, the composite pixel is assigned as land if it is land in the AE image, as water if it is water in the AE image, as cloud if it is no data in the AE image, or as snow if it is snow in the AE image; and v) if a pixel is identified as water, snow or snow-covered lake ice in the MOD image and any class in the AE image, the composite pixel is defined as it is in the MOD image. By using the above rules and model builder tool of ArcGIS 9.1, 433 temporal MOD_AE snow cover maps were generated for the three snow seasons in our study area.
Accuracy analysis of AMSR-E daily SWE and MOD_AE images
To determine the snow cover classification accuracy of AE daily SWE and MOD_AE data, in situ snow depth measurements at 20 climate stations scattered mainly in the pastoral areas throughout the study area were used. Pixel values, collocated with the 20 climate stations, of the AE and MOD_AE images were extracted by using an ARC Macro Language (AML) script running on ArcInfo Workstation . For the three snow seasons, total 8840 pairs of in situ data and AE data (442 days) and 8660 pairs of in situ data and MOD_AE data (433 days) were used to estimate snow classification accuracy.
Overall agreement (accuracy) and snow agreement (accuracy) are important indices for satellite snow classification estimation (Klein & Barnett, 2003; Liang et al., 2008) . Snow mapping accuracy of optical remote sensing (e.g. MODIS) is usually defined under clear sky conditions Wang et al., 2008) in which over half of 
L, C and S respectively represent the percentage of pixel number with land, cloud and snow classes within a MOD 50 × 50 pixel-block. L + C and C + S describe the percentage of pixel number with land and cloud, and cloud and snow classes, respectively. Unit is %. the in situ data (i.e. the sampling number of snow or land observed in stations but cloud by optical satellite sensor) have to be discarded. However, for the AE and MOD_AE products, all in situ data can be used for the validation purpose since there is no cloud contamination in the two products. The following two Eqs. (4) and (5) are used to calculate the overall accuracy (O a ) and snow accuracy (S a ).
where NS b , the sampling number of snow pixel seen by both climate stations (snow depth over 0.5 cm) and satellite; NS s , the number of snow pixel seen only by stations but misclassified into land by satellite; NL b , the number of snow-free land pixel seen by both climate stations and satellite, and NL s , the number of snow-free land pixel seen by only the stations but misclassified as snow by satellite. The total number of pixels used is the sum of above four variables. If cloud pixels are included in the MOD image, the Eq. (5) can be modified as Eq. (6): where F a is the so-called snow agreement in all weather conditions; the NS b and NS s are the same as in Eqs. (4) and (5); NS c is the number of snow seen by stations but cloud by optical satellite sensor. The value of F a equals to the snow agreement of S a , if in a clear sky condition.
Monitoring SCA using MOD_AE images
The differences of snow cover extent in pastoral areas were analyzed using MOD_AE snow cover composite maps during the three snow seasons. Reasons for causing the SCA spatial-temporal changes were examined using daily mean temperature, the maximum and minimum temperature, and snow depth observations at 8 climate stations: Jimunei, Fuhai, Aletai, Fuyun, Qinghe, Tuoli, Caijiahu and Qitai and cloud cover from MOD images during the three snow seasons. To estimate the daily dynamics of SCA in the study area for each snow season, the following equation is employed:
where N c is the number of snow pixels; T 0 is the total number of pixels and C c (%) is the image snow coverage rate (%) in a day.
Results and discussion
Sub-pixel analysis of AE_DySno images using MOD10A1 snow cover product
During the three snow seasons examined there were 433 pairs of daily AE and MOD images that can be used in the study. Sub-pixel analysis between pixels of AE data and the corresponding 50× 50 pixelblocks of MOD images indicates that the seven classes of land, snow, or cloud defined in Section 2.6 are the most common classes within AE pixels and cover about 72% of the 433 daily AE images, although AMSR-E detects only land or snow, regardless of cloud cover. This projects the importance of this study by incorporating the AMSR-E product into the MODIS product to suppress the cloud contamination due to the nature of optical remote sensing. Fig. 2 shows that the daily average overall agreement of MOD pixel-blocks as compared with AMSR-E daily SWE pixels is 93.4%, and the land agreement and the snow agreement are 84.4% and 96.6%, respectively. During the beginning of each snow season in November and December, the overall agreement and snow agreement fluctuate largely due to the scattered snow distribution, less snow coverage, and shallower snow depth, especially before November 15 in the first snow season when the snow agreement is lower, between 60% and 85%. The snow agreement is above 85% in most of days during snow seasons of 2003-2004 and 2004-2005 . During January, February and the beginning of March, the snow agreement is over 90% and the overall agreement is above 85% in most of the time for all three snow seasons, mainly because that the daily average temperature during the period was below −10°C, and snow covered a large portion of the study area according to the climatic data. It demonstrates that this is a period that there is almost no snow thawing phenomenon, and the snow agreement between AMSR-E and MODIS data reaches a steady high value. From the middle of March, the overall agreement and snow agreement fluctuate largely due to that snow starts to melt in some areas.
The similar characteristics are seen from the monthly average agreement between AE and MOD images ( Table 4 ). The monthly average snow agreement in November is slightly less than those in the other 4 months except for the third snow season. The land agreement fluctuates greatly. It is higher in November and March, while lower in December, January and February. The snow agreement is greater than the land agreement for each month except for November 2002. There is no large difference for the average overall agreement, land agreement and snow agreement between the three snow seasons. In addition, our study showed that if a MODIS 50 × 50 pixel-block belongs to one of the four classes: L + C + S, L + C, C + S, and C, the cloud class (C) is the major factor for the uncertainty of the agreements between the corresponding AE and MOD pixel-block. Nevertheless, the snow agreement is high, and the average value is above 90% (Table 4 ). This suggests that our composite rules, the composite pixel assigned as land when the MOD cloud pixel is corresponding to AE land class or as snow when the MOD cloud pixel is corresponding to AE snow class, are proper. This is the important basis for compositing the two types of images.
Snow classification accuracy of AE_DySno and MOD_AE images
In this study, analysis of 8840 pairs of AMSR-E and in situ observations (20 climate stations) indicates that the overall accuracy and snow accuracy are respectively 69.5% and 66.6% during the three snow seasons from November 2002 to March 2005 (Table 5 ). The overall accuracy differs slightly and varies from 65.1% to 71.1%, the snow agreement varies from 65.6% to 67.9%, and the commission (Table 6 ). One of the reasons for such low snow agreements at these five climate stations is that the snow depths measured at these five stations are lower than those at other 15 stations. In most of the days, the in situ snow depth is less than 1 cm. In reality, the relationships between snow depth, density, and microwave radiation are complicated by the physical structure of the snowpack (e.g., ice lenses, the presence of liquid water, and snow grain size variability) and the microwave radiation and scattering characteristics of overlying vegetation. The large difference on spatial scale between the AMSR-E and in situ measurements is the major factor for the AE products with lower snow classification accuracy, in particular for those areas in the snow cover edge, a 25 km AMSR-E pixel could be always a mixed phenomenon of land and snow. This could dismiss any snow signal if the snow cover is only a small portion of the 25 km pixel. This suggests that AE products could underestimate the snow cover in a local/ regional scale due to its coarse resolution, although it is good in monitoring snow cover in continent, hemisphere and global scales. Table 7 shows the snow classification accuracy for 8660 pairs of MOD_AE composite pixels and 20 climate stations in the three snow seasons. It shows that the mean overall classification accuracy is 76.1%, and snow classification accuracy is 75.4%, which are a 6.6% and 8.8% increase as compared with those of the AE alone (Table 5) , respectively. In the three snow seasons, the overall classification accuracy ranges from 73.9% to 77.6%, the commission error from 16.2% to 30.9%, and the omission error from 24.4% to 25.5%. Compared with the AE products, the commission error increases slightly, and the omission error decreases about 8%. Table 8 shows the increased classification accuracy of each individual climate station. Especially, the accuracy of Habahe station has the maximum increase, varying from 13.2% to 74.3%. For the MOD10A1 products, in clear sky condition the average overall accuracy is 86.7% and snow accuracy is 88.2% (Wang et al., 2008) , but the value of F a (i.e., the fraction between the number of snow pixel seen by MODIS and the total number of snow pixel observed by climate stations in all weather conditions) is only 33.7% (Table 9) , which is much less than the 66.6% of AE and the 75.4% of MOD_AE. Even in the MODIS 8-day product when cloud has been greatly removed (only~5%), the F a is only 71% (Wang et al., 2008) , which is still less than the 75.4% of the daily MOD_AE product. This indicates that our composite approach indeed integrates the advantages of MOD10A1 higher spatial resolution and AMSR-E all-weather imaging capability, and can effectively improve daily SCA detection accuracy.
Monitoring the dynamics of snow covered area using the new MOD_AE product
Regression analyses (Fig. 3 ) between daily MOD_AE snow coverage rate and climatic variables of minimum temperature (Tmin), maximum temperature (Tmax), average temperature (Tavg) and snow depth (SD) at 8 climate stations within the pastoral areas, as well as cloud cover from MOD10A1, indicate that the daily snow coverage rate (y) has significant negative correlations with minimum temperature (y = −2.2063 × + 26.817, R 2 = 0.4434), maximum temperature (y = −2.3274 × + 51.05, R 2 = 0.4234) and average temperature (y = −2.2117 × + 37.553, R 2 = 0.4226), and positive correlation with snow depth (y = 3.0248 × + 11.244, R 2 = 0.8747). Temperature and snow depth are the principal factors that cause the changes of snow coverage rate. The deeper the average snow depth within the pastoral areas, the higher the snow coverage rate. The larger the daily mean, maximum and minimum temperature, the lower the snow coverage rate. The greater the diurnal temperature, the higher the snow coverage rate varies. To be mostly significant, it is found that there is no significant correlation between the daily snow coverage rate from MOD_AE and cloud cover from MOD10A1 data. This suggests that the MOD_AE composite snow cover product can efficiently suppress the cloud effects on snow cover detection of the MODIS product. However, it is also found that, when the fractional cloud cover in MOD10A1 is high up to a certain degree, the bias of MOD_AE snow cover does increase in some degree. Further studies are needed to quantify those numbers. Fig. 4 shows that the snow coverage rate of MOD_AE products at the beginning of November is about 5%, the lowest of the snow period.
The snow cover in early November in study area is dominated by permanent snow and ice over the mountains' highest elevations as shown in Fig. 5 . From the beginning of November to the middle of December the snow coverage rate gradually increases, though a large fluctuation probably caused by fast snowfall and rapid snow melt. In most of the days in the period from end of December to early March, the snow coverage rate changes slightly and varies from 70% to 90%, which is in a period of stable accumulation of snow cover/depth (Fig. 6) . From the middle of March snow cover starts melt, the snow coverage rate quickly decreases and the snow covered area shrinks fast (Fig. 7) . The Figs. 5-7 are examples that clearly demonstrate the outstanding capability of MOD_AE in cloud suppression heritage from the AMSR-E imagery and the high spatial resolution from the MODIS imagery. During the three snow seasons the exact date when the snow coverage rate reaches the maximum value varies, but it is clearly within the stable period of snow cover distribution of each snow season. For example, a heavy snowfall occurred before or on December 22, 2002, which is the day when the snow coverage rate reached the maximum value of 98% during the first snow season, but this large amount of snowfall was quickly melted after a few days due to the shallow snow depth and relative high temperature. The snow coverage rate reaches the maximum value of 91% on January 16, 2004 during the second snow season, and 95% on February 5, 2005 during the third snow season. This indicates that the daily composite snow cover maps of MOD_AE captured different characteristics of snow conditions in different seasons, which is extremely important, especially in the pastoral areas. The new MOD_AE product in monitoring daily dynamics of snow cover extent and spatial variability (in 500 m spatial resolution) during the snow season provides a great potential in the reduction and mitigation of snow-caused disasters.
The results from this study also demonstrate that the relationship between temporal variability and spatial structure in SCA values is changing through time. Evaluation of SCA retrievals at the coarse resolution of AMSR-E passive microwave data is complicated by within pixel heterogeneity in vegetation and snow cover properties. Point measurements of snow depth from climate observing stations are of limited application because of the sparse observing networks and difficulty in comparing point measurements with areal retrievals of a 25 km×25 km AMSR-E pixel. In addition, it is difficult to know whether the ground surface is snow or snow-free land when those areas are masked as clouds in the MOD10A1 product. The MOD_AE composite rules proposed in this study efficiently suppress the cloud cover effects on the snow cover product of MOD10A1 image, by incorporating the AE pixel information, coarse resolution but cloud free. This approach has its advantage in comparison with other methods to reduce cloud contamination (Wang and Xie, 2008, in review) , in which a reduced temporal resolution of 2 to 8 days is needed. Through a combination of field studies and use of historical climate data, more accurate evaluation for MOD_AE snow cover maps is underway. The passive microwave time series of AMSR-E launched in 2002 will continue to be an important resource for identifying spatial and temporal trends in SCA for climatological, hydrological, and numerical modeling studies, as well as for applications in practice to monitoring snow-caused disasters in pastoral areas. Fig. 3 . Correlations between snow coverage rate (%) and daily minimum temperature Tmin (°C), maximum temperature Tmax (°C), average temperature Tavg (°C), snow depth SD (cm), as well as cloud cover (%) during the three snow seasons in the pastoral areas in the northern Xinjiang area. The × axis represents Tmin, Tmax, Tavg, SD and cloud cover. Fig. 4 . Dynamics of MOD_AE daily snow coverage rate (%) within the pastoral areas during the three snow seasons in the northern Xinjiang, China area. 
Conclusions
Previous studies shown that the overall accuracy of MODIS daily snow cover mapping algorithm in clear sky condition is over 80% (Maurer et al., 2003; Simic et al., 2004) . However, the use of MOD10A1 snow cover products is severely affected by clouds. In practice it was difficult to find a MOD10A1 image that was no cloud contamination for the northern Xinjiang area in a snow season . Multiple day composite imagery based on MOD10A1 can suppress much of cloud, but the biggest problem is the decreased temporal resolution, which is not suitable to monitor the snow cover dynamics during snow-caused disaster periods in pastoral areas. Space-borne passive microwave data, such as the AE_DySno data, has the advantage of all-weather imaging but a much coarse resolution.
To better monitor the dynamics of daily snow cover extent, in this study we examine the agreement between the daily MOD10A1 snow cover and daily AE_DySno SWE datasets, propose and evaluate a method for producing a new snow cover map MOD_AE (daily and 500 m) based on the two products. In addition, we examine the temporal and spatial perspective on daily SCA variability based on the new MOD_AE time series during the three snow seasons of [2002] [2003] [2004] [2005] .
The daily average overall agreement between AMSR-E daily SWE image pixels and corresponding MOD10A1 pixel-blocks is 93.4%, the snow-free land agreement is 84.4% and the snow agreement reaches to 96.6%. With respect to the climatic station data the overall accuracy of the new MOD_AE products is 76.1% and snow classification accuracy is 75.4%. Compared with AE_DySno daily SWE products, the commission error of the MOD_AE increases slightly, and the omission error decreases about 8%, while the mean overall accuracy and snow classification accuracy increase 6.6% and 8.8%, respectively. The composite approach proposed in this study combines the advantages of MOD10A1 high spatial resolution and AMSR-E all-weather imaging, avoiding the coarse spatial resolution of AMSR-E daily SWE data (that could underestimate the SCA, especially in snow edge) and the limitation of clouds contamination to the MODIS snow cover data. Therefore, the new composite product MOD_AE can effectively improve snow covered area detection accuracy.
It is found that from the MOD_AE daily composite snow cover maps, the temperature and snow depth are the principal factors affecting the changes of snow coverage rate, which has been found no relation with the cloud cover from the MODIS product. This suggests that the new product is independent with the cloud blockage, the dominate deficiency of the optical remote sensing (i.e. MODIS snow over). The MOD_AE captures different characteristics of daily and seasonal snow cover conditions, and provides a temporally and spatially continuous perspective on snow covered area dynamics, which is more useful in monitoring and evaluating regional snow cover extent changes as well as in providing critical information of snow-caused disasters for decision-making in pastoral areas, on a daily basis.
